model was shown to accurately simulate sugarcane yield when compared to South African sugar industry data by Bezuidenhout and Singels (2007a Singels ( , 2007b . A new version of CANE-GRO (Singels et al., 2008) has been included with version 4.5 of the DSSAT environment (Jones et al., 2003; Hoogenboom et al., 2010) replacing an earlier version (Inman-Bamber and Kiker, 1997) available in DSSAT version 3.5. These efforts to model the sugarcane crop reflect the fact that simulated processes often have to be modified to adapt models to specific environments, supporting the idea that there is no universal crop model (Sinclair and Seligman, 1996) even for a single crop such as sugarcane. These authors emphasized the benefit for a group of researchers to build their own model appropriate to their specific purpose, with the possible use of formalisms from existing models. However, there are also advantages to adapting an existing model compared to developing a new one in terms of cost and time. To use an existing model for a particular crop, nevertheless, the main physiological parameters controlling the growth and development of that crop must be known, the model must be parameterized, and its predictions evaluated. This paper has three major goals: (i) characterize the physiological parameters controlling growth and development of two of the most important Brazilian sugarcane cultivars; (ii) parameterize the DSSAT/CANEGRO model for southern Brazilian production systems using an objective and automatic procedure; and (iii) evaluate the predictions of stalk mass and sucrose accumulation using a cross-validation computer experiment.
These goals emerged from several discussions in the literature, regarding the relatively little work on parameter estimation for crop models (Makowski et al., 2006, p.101-103) , the increasing importance of mechanistic crop models, and the nonstandard nature of sugarcane crop experiments. First, the literature has stressed the importance of raising the quality of parameterization in crop simulation models by replacing the common trial-and-error approach by an automatic procedure for parameter adjustment, which would ensure that the data are always used in the same way for parameter estimation (Wallach et al., 2001) . Second, the use of data not specifically collected for modeling studies requires skill to deal with different types of data, different measurement frequencies, inadequate site details, and lack of suitable measurements due to inherent difficulties in the production of the sugarcane crop. Third, to include both parameterization and evaluation steps dealing with small datasets, common methods of estimating prediction error are by cross-validation or bootstrap techniques.
MAteriAlS And MethodS

Model description
CANEGRO simulates sugarcane growth using climate and water inputs (Singels et al., 2008) , based on process-based models of sugarcane growth and development including phenology, canopy development, tillering, biomass accumulation and partitioning, root growth, water stress, and lodging. It uses a daily time-step and is designed to simulate the whole plant, stalk and root biomass, sucrose concentration, plant phenology and other variables. The model requires as an input data soil parameters that regulate the soil water balance (field capacity, wilting point, water saturation, and soil depth) and also daily weather variables (solar radiation, maximum and minimum temperatures, precipitation) and irrigation. Relative humidity and wind speed are not essential but are recommended whenever available.
An overall description of the CANEGRO model can be found in Singels et al. (2008) and only its main features are briefly described here. The model simulates the development of individual leaves and shoots, and then scales up to per unit of area by multiplying leaf area per shoot and number of shoots per unit area. Radiation interception is calculated by Beer's law and tiller development is based on thermal time functions which describe the rate of tillering, maximum tiller population and senescence. Leaf emergence is based on a phyllocron interval concept divided into two periods in the crop cycle. Biomass accumulation and partitioning are based on a radiation use efficiency algorithm that is modified by air temperature, water stress, and growth respiration (Singels and Bezuidenhout, 2002) . Stalk elongation is a function of thermal time, and partitioning to stalk is regulated by sink capacity for stalk structural growth and the source-to-sink ratio. Root growth is expressed in terms of the extension of the rooting depth and root length in each soil layer. CANEGRO was designed to simulate the effects of water stress on photosynthesis and leaf growth using two variables, which in turn are dependent on the ratio of transpiration rate to root water uptake. The soil-water balance in DSSAT follows the algorithm described by Ritchie (1998) . The lodging stress effect is simulated by comparing the aerial biomass with a cultivarspecific threshold, above which lodging will begin.
In the DSSAT environment, the model has three types of genetic parameters, divided into cultivar, ecotype, and species, which are designed to represent the genetic characteristics at different levels of crop specificity. This means that each cultivar characteristic is specific, representing a single cultivar, while ecotype parameters can be identical across more than one cultivar. Species parameters are expected not to vary among different cultivars and are assumed to be fully stable, describing some characteristics of sugarcane such as: photosynthesis, respiration, partitioning, root growth, and plant response to water stress.
data Sources
CANEGRO was parameterized and evaluated using data from two Brazilian cultivars, collected in four locations in Brazil (Suguitani, 2006; Laclau and Laclau, 2009; Tasso, 2007; Santos, 2008) (Table 1) . All experiments received adequate N, P, and K fertilization and regular weed control and were planted using healthy cuttings with 13 to 15 buds m −2 . Row spacing varied from 1.4 to 1.5 m. One of the datasets had two treatments (irrigated and rainfed), and all the remaining data were for rainfed. The irrigated treatment received water by sprinkling and the irrigation schedule was determined by tensiometer monitoring to maintain the soil layers close to field capacity down to a depth of at least 1 m. Three replicates of tensiometers were set up in the irrigated and rainfed plots at the depths of 0.1, 0.3, 0.5, 0.8, and 1.5 m at a distance of 0.12, 0.35, and 0.70 m from the planting row. Soil water potential was measured every 2 to 3 d (before 0800 h) over the study period (Laclau and Laclau, 2009) . These data were used to evaluate the model's soil water balance algorithm.
Matric potential tensiometer measurements were converted to soil water content using the van Genuchten (1980) equation for soil water retention curve and values of water content at −10 kPa (UWL), at −1500kPa (LWL), and at saturation (SWL). As soil water parameters were not measured, the values of UWL, LWL, and SWL were defined using the pedotransfer functions (PTF) provided by Tomasella et al. (2000) ( Table 2) . The estimated values were checked against measured pressure plate data from Embrapa (1981 ) and Radambrasil Project (1973 -1986 from multiple locations at each site, with good agreement. The input data for PTF were provided by Suguitani (2006) , Laclau and Laclau (2009), Tasso (2007) , and Santos (2008) . The hydraulic conductivity at saturation (KSat) was estimated based on (Poulsen et al., 1999) (Table 2) , whose method produced a good fit with Brazilian field data measured in similar soils (Ribeiro et al., 2007) . A location <5 km from the site 1 that had the same soil classification (Carvalho and Libardi, 2009) showed KSat data based on hydraulic conductivity measurements using neutron probes which were compared with estimated KSat data for this site (Fig. 1) .
The DSSAT Soil water balance also requires input of a root weighting factor (RWF), a relative variable ranging from 1-a soil most hospitable to root growth-to near 0-soil inhospitable to roots (Ritchie, 1998) . Since the distribution of sugarcane root length is similar to an exponential pattern (Ball-Coelho et al., 1992; Laclau and Laclau, 2009 ) RWF values were estimated using the approach proposed by Jones et al. (1991) using the exponential geotropism constant equal to 2, which gave the best fitting with root length density profile (R 2 = 0.94) among values tested ranging from 1.5 to 4. Soil depths were set up to allow roots to reach 4.5 m in all locations, as this was the maximum root depth found by Laclau and Laclau (2009) . The soils in the experiments used in this paper did not have any impediments to root growth such as soil compaction or high water tables. The low pH values (Table 2 ) observed in this soil seemed to not affect the root development. There was no information if those pH values were measured before the soil pH correction and fertilization. For Site 1, daily solar radiation, maximum and minimum air temperature, rainfall, wind speed, and relative air humidity were collected adjacent to the experiment site using an automatic weather station. For Site 2, air temperature, wind speed, relative humidity, and solar radiation were collected by automatic weather station positioned about 15 km from the experiment. A flat terrain minimized the error associated with this procedure. Sites 3 and 4 are about 30 km from each other in a flat terrain. For both, maximum and minimum air temperature data were collected daily at the same weather station about 15 km from the experiments. Wind speed and relative air humidity were not measured for these sites. Since there was no solar radiation measurement available daily data were estimated using an empirical equation (R 2 = 0.82), as a function of latitude, longitude, extraterrestrial radiation, air temperature and rainfall, generated using regional data from two weather stations about 70 km from the experiment site. For all datasets, rainfall data were recorded at a distance <100 m from the experimental fields.
The cultivars RB72-454 and SP83-2847 were among the five most commonly planted in Brazil. Both are late maturing with high cane and sucrose yields when grown either as a plant crop or ratoon. They are able to produce high yields even in poor soils and diverse climates. The cultivar RB72-454 is typically used as the standard cultivar in biometric and yield trials in Brazil and is found in sugarcane collections around the world.
For Dataset 1, detailed crop growth variables including green LAI, stalk population, stalk and aerial dry mass; and number of green leaves were collected at 4 to 5 wk intervals over the cycle (Suguitani, 2006) . Root length density, root depth, and root mass were also collected, for cultivar RB72-454 (Laclau and Laclau, 2009) , using the experimental procedures described in Laclau and Laclau (2009) . For Dataset 2, LAI, stalk population, sucrose concentration, and stalk mass three to seven samples were collected for each variable at different intervals. For datasets 3 and 4, stalk population, stalk mass, and stalk height were collect just one time during the cycle, while sucrose dry mass was collected 13 times from the mid-season through harvest.
Parameterization and evaluating Predictions
Considering the cultivar of measurements taken and different measurement strategies in each dataset, the leave-one-out cross-validation method (Wallach, 2006) of data splitting was used to simultaneously include all the variability of conditions and measurements in the parameter estimation and evaluation of the model predictions.
The leave-one-out cross-validation procedure had a factorial design in which each run missed one treatment each time. So, five simulation combinations were performed for cultivar SP83-2847 and four for RB72-454. The parameters sets derived from these cross-validation runs were used one at a time to evaluate the predictions for the treatment left out. In addition, two other optimizing runs were done to estimate a set of parameters using all treatments for each cultivar. These sets are shown as the final optimized parameters for each cultivar. Root data were not used in the parameter estimation procedure.
To determine which parameters to estimate, a targeted sensitivity analysis was first performed to determine the dependency of simulated variables on changes in key parameters. In addition, a major decision about what parameters to optimize was based on available measured data, to avoid adjusting parameters that were not related to available data. We also did not adjust other parameters whose values could be measured directly or were considered to be well-known, such as base temperature for canopy development (Tbase), maximum leaf area (Mxlfarea), leaf number at which maximum leaf area occurs (Mxlfarno), maximum number of green leaves (Lfmax), leaf phyllocron intervals (PI1 and PI2), leaf number at which leaf phyllocron changes (Pswitch) (see Table 3 ). These were derived from experimental data as discussed in section 3.1. The idea in this strategy was to minimize the number of parameters to be optimized, keeping the ratio of the number of adjusted parameters to the number of measurements at a reasonably low level (Refsgaard 1997) .
Ten of the 20 CANEGRO model cultivar parameters were optimized (Table 3) , including those related to leaf and tiller phenology (Ttplntem, Ttratnem, Chupibase, Tt_Popgrowth, Max_Pop, and Poptt16), radiation conversion efficiency, sucrose accumulation and partitioning coefficients (Parcemax, Apfmx, Stkpfmax, and Suca). Parameters regarding temperature at which partitioning of unstressed stalk mass increments to sucrose in 50% of its maximum value (Tbft) and aerial mass at which lodging starts (Lg_Ambase) were kept at default values due the lack of relevant experimental data. The ecotype parameter dPERdT (change in plant extension rate, mm h −1 ºC d −1 ) was adjusted to fit the simulated stalk height to the observed data, using a visual trial and error procedure.
For all coefficients, the range of variation was defined based on field data, the sugarcane literature and model documentation (Singels et al., 2008) . Since the DSSAT/ CANEGRO model has a well-tested set of default values for cultivar NCo376 in South Africa, that set was used as a source of nominal values within a range defined from observed data.
A DSSAT v4.5 built-in algorithm of the Generalized Likelihood Uncertainty Estimation (GLUE) method (Mertens et al., 2004) was used for estimating the 10 CANEGRO cultivar parameters. GLUE is a Bayesian estimation method that uses Monte Carlo sampling from distributions (assumed to be uniform) generated by combinations of the coefficients and evaluated by a Gaussian likelihood function to determine the best coefficient set based on the observed data used in the estimation process. The GLUE algorithm was set up to generate at least 6000 random samples of parameters (3000 for phenological parameters plus 3000 for growth) for each simulation combination. This number of samples represents a compromise between the required computing time and the stability of estimated parameters.
Model predictions were evaluated using the following outputs: LAI, stalk and aerial dry mass, sucrose content, and soil water content for datasets 1 and 2. The quality of predictions were computed using bias, root mean squared error, modeling efficiency, correlation coefficient (Wallach, 2006) , and agreement index (Willmott, 1981) as agreement measures.
reSUltS And diScUSSion characterizing Physiological Parameters controlling Growth and development canopy development and Phenology data
The scatter values and regression line for the cultivars (Fig. 2 ) indicated that maximum leaf size differed little among Brazilian cultivars, being as large as 796 cm 2 for RB72-454 and 733cm 2 for SP83-2847, representing nearly the double of the default Mxlfarea value available in DSSAT/CANEGRO, for cultivar NCo376 (Table 4) .
For both cultivars, maximum leaf size (Mxlfarno) was reached around 25th leaf (Fig. 2) , which is similar to results of Sinclair et al. (2004) for cultivar CP72-2086 in Florida, but substantially different from the values obtained and for cultivars in South Africa and Australia (Cheeroo-Nayamuth et al., 2000 , InmanBamber, 1994 . The 18th leaf as the default Mxlfarno value in DSSAT/CANEGRO may be related to the lower phyllocron values (PI2) found for Brazilian cultivars, as discussed below.
Comparing the effect of irrigated and rainfed treatments, both Brazilian cultivars showed <5% difference in terms of leaf size due water stress. For the conditions of Dataset 1, Suguitani (2006) showed differences of 22% (464 ± 44 cm 2 for irrigated and 363 ± 34 cm 2 for rainfed treatment) for cultivar NCo376, suggesting some greater tolerance to drought in the Brazilian cultivars compared to NCo376.
The mean value for the maximum green leaf number per stalk for all three cultivars was approximately 9 (Table 4) . For both cultivars in Dataset 1 the peak and stable stalk populations were almost the same for both irrigated and rainfed treatments. Both cultivars also showed similar tillering rates, regardless of water treatment and experiment site ( Fig. 3 and Table 4 ). The tillering pattern is similar to that described by Bezuidenhout et al. (2003) , but with a lower tiller density than reported there, at 12 and 14 tiller m −2 in the tillering peak, respectively for cultivar RB72-454 and SP83-2847. After the senescence phase, tiller density stabilized at 7 tiller m −2 regardless of water source (rain or irrigation) or planting site. Stalk growth began about 500 to 700ºC d −1 after planting, with peak tillering at about 900ºC d −1 after planting.
The lower tillering rate and number of final tillers observed in Brazilian compared to South African cultivars (Table 4) , seems to be related to quicker initial development and greater leaf area causing higher levels of light interception and early shadowing of the stalk base. This implies that tillering rate is related to canopy light interception (van Dillewijn, 1952; Inman-Bamber, 1994 , and Bezuidenhout et al., 2003) and not simply a fixed response to temperature as calculated by DSSAT/CANEGRO. The leaf appearance algorithm in DSSAT/CANEGRO is based on phyllocron interval concept (Inman-Bamber, 1994), representing the thermal time elapsed between the emergence of subsequent leaves on a tiller (Singels et al., 2008) . The plant cycle is divided in two phases (PI1 and PI2), whose transition is controlled by a cultivar specific threshold (Pswitch). The values obtained from Brazilian data (Table 5) , were derived from linear equations shown in Fig. 4 . The base temperature for leaf development of Brazilian cultivars ranged from 14.4 to 14.6ºC, slightly lower than the 16ºC obtained for the standard NCo376 in DSSAT/CANEGRO (Table 5 ).
The range of PI1 values (104-113ºC d −1 leaf −1 ) was higher for both Brazilian cultivars tested than the DSSAT/CANE-GRO default values corresponding to NCo376. However, at 116 to 122ºC d −1 leaf −1 , PI2 was smaller than the default. This suggests that use of the two-phyllocron approach does not seem to be as important for Brazilian cultivars as for South Africa, where the results of Inman-Bamber (1994), Bonnett (1998) , and Robertson et al. (1998) showed differences between PI1 and PI2 ranging from 14 to 69%. Results from Sinclair et al., (2004) were closer to those observed in this paper, with only 6% difference between PI1 and PI2. Those authors hypothesized that the smaller-than-expected difference in leaf appearance rate between early and late leaves might owe to higher evaporative cooling in fully developed canopies than in younger, more open canopies. This assumption seems to be related to the vegetationatmosphere decoupling approach (McNaughton and Jarvis, 1983) , from which one can derive another assumption, that the two phyllocron approach would be observed only under highly coupled conditions. Based on this, one could infer that the use of two phyllocrons as being not cultivar specific, but rather an ecotype characteristic. Of course, further studies will be needed to better understand this issue.
Biomass Partitioning
The observed accumulation of biomass in the millable stalks closely mirrored the accumulation of aboveground biomass for the two Brazilian cultivars, starting with 9% at 129 days after planting (DAP) to reach a maximum of 61 and 70% after 330 DAP for RB72-454 in irrigated and rainfed treatments, respectively. Cultivar SP83-2847 showed a maximum stalk/ aboveground biomass ratio of 0.66 for both treatments (Fig. 5,   Fig. 3 . tillering rate during the crop cycle, expressed in term of cumulative degree-days, using base temperature of 10ºc, for cultivars SP83-2847 and rB72-454. Table 6 ). In South Africa, Singels and Bezuidenhout (2002) found values around 0.60 for measurements up to 120 DAP, while Simões et al. (2005) found ratios of around 0.80 in the southern Brazil region at 140 to 400 DAP. Muchow et al. (1994) found stalk-to-aboveground biomass values ranging from 0.6 at 300 DAP to 0.8 at 450 DAP, in Australia. The measured root biomass for cultivar RB72-454 shown here (Laclau and Laclau, 2009 ) corresponds only the first meter of soil depth, so the ratios presented are somewhat underestimated. The root/shoot ratio decreased from 0.61 kg kg −1 at 42 DAP, which is comparable to 0.42 kg kg −1 at 50 d age as reported by Smith el al. (2005) , to 0.09 kg kg −1 at the harvest.
The leaf/aboveground biomass ratio decreased during the crop cycle from 0.26 to 0.10 kg kg −1 and 0.18 to 0.09 kg kg −1 for irrigated and rainfed RB72-454, respectively, and from 0.21 to 0.11 kg kg −1 for both treatments of SP83-2847. These results suggest a direct relationship between the stalk/aboveground biomass ratios and crop age that should be taken into account during the parameterization process. Laclau and Laclau (2009) have a detailed description of root development in treatments 1 and 2 for cultivar RB72-454, here only the aspects relevant for sugarcane modeling are emphasized. First, the specific root length (SRL) (m g −1 ) was consistent over time despite the large variation in total root lengths within the upper 1 m of soil. The SLR ranges from 16 to 18 m g −1 and 19 to 22 m g −1 on average from 125 DAP onward, in the rainfed and the irrigated treatments, respectively. Mean SRL down to the depth of 1 m was 17.6 m g −1 for rainfed and 19.1 m g −1 for irrigated crops. Chopart et al. (2008) found a large range of SRL's (from 7-91 m g −1 ) measured at 45 and 113 DAP down to a depth of 1.1 m in Ivory Coast. Ball-Coelho et al. (1992) found SRLs near 16.5 m g −1 in northeastern Brazil through the plant and first ratoon crop cycles. So, the default value of 5 m g −1 used in DSSAT/CANEGRO seems very conservative and easily could be increased to as high as 16 m g −1 . The simulations reported in this paper used the default values to be comparable to previous papers.
Specific root length
Parameterization of dSSAt/cAneGro
The range of values obtained in the cross validation are summarized in Table 7 . Some of the parameters values obtained were considerably different from the NCo376 values. In general, parameters related to growth tended to increase compared to default values, while parameters controlling phenology decreased compared to defaults, for both cultivars (Table 7) . For example, MaxParce increased about 50% compared to NCo376 values, while Maxpop and Poptt16 showed large decreases. Simulations using the MaxParce NCo376 value resulted in underestimation of all plant components for both Brazilian cultivars.
Values of Suca were slightly higher than the default ones, being out of range proposed by Singels and Bezuidenhout (2002) and Robertson et al. (1996) . A previous attempt to optimize SUCA constrained to the boundaries provided by these authors resulted in severe underestimation of sucrose content and led to increasing the upper limit to 0.75 (Table 7) . Parameters regarding tillering (Maxpop and Poptt16) decreased to nearly half of NCo376 values based on experimental data.
Model evaluation Soil Water and Plant Water Stress
Water content, as measured by tensiometers in soil layers centered at 10, 30, 50, and 80 cm, was reasonably accounted for by the model (Table 8) . Since tensiometer measurements reflect the matric potential rather than water content, this comparison may not be strictly valid and does not warrant statistical treatment. Better agreement was achieved in the first half of the crop cycle for both treatments, while the rainfed simulations showed better overall agreement (Table 8) in part due the greater oscillations of matric potential during the crop cycle (Fig. 6b) .
For both treatments, the model overestimated soil water content in all layers (Table 8) , with the exception of the 21-to 40-cm layer in the rainfed treatment. This trend is the inverse of that observed by Inman-Bamber (1991) in South African using an early version of the CANEGRO model. This result may be due the underestimation of soil Ksat reducing the water flow to lower layers and/or the underestimation of root water uptake in deeper layers, leaving more water available in those horizons. The top layers showed better agreement than deeper ones, as was observed by Inman-Bamber (1991) . This may also be a consequence of errors in root simulation in deeper layers.
From the 160th to 210th DAP it is possible to observe a drought period in the rainfed treatment (Fig. 6b ) during which the model simulated the observed values well. At 211 DAP a heavy rain event was observed and soon after the model's soil-water simulation deviate more from the observed value than in the previous period. Laclau and Laclau (2009) reported considerable root mortality in the 0-to 0.2-m soil layer from 179 to 241 DAP (Fig. 5a ) in the rainfed crop. This was mostly due to water stress, and was followed by some recovery of root dry mass afterward.
Those observations from Laclau and Laclau (2009) may explain the consistent underestimation trend after 250 DAP, since the model did not compute any root loss during the mentioned drought period, implying a root water uptake capacity greater than the observed one, and explaining the model's lack of fit after 179 DAP (Fig. 6b) . The water content peak simulated near 211 DAP could be interpreted as an effect of the lower KSsat for this site (Fig. 1) , retaining water after rainfall and releasing it slowly.
Predictions of Plant development and Growth Variables
Because DSSAT/CANEGRO is intended to simulate the partitioning among plant components, including stalk dry mass and sucrose, comparison of model predictions to these two frequently-available field measurements is particularly important (Tables 9 and 10 ). The RMSEP of 9.8 and 9.6 t ha −1 for RB72-454 and SP83-2847, respectively are higher than . Upper and lower limit were derived from literature and experimental data. ‡ Values defined after a first parameterization attempt showing the ranges proposed by Singels and Bezuidenhout (2002) and Robertson (1998) seemed too narrow to parameterize CANEGRO for Brazilian cultivars.
§ Values neither optimized nor derived from experimental data. Kept default values following Singels et al. (2008) . ¶ Values derived from experimental data, as discussed in section 3.1. (2000) using an older version of CANEGRO, without the modifications of the photosynthesis algorithm proposed by Singels and Bezuidenhout (2002) , which was incorporated in the version DSSAT/CANEGRO used here. Agreement measures for sucrose content showed low predictive skills relative to the other variables, with model efficiency for sucrose content ranging from 0.23 to 0.11 for RB72-454 and SP83-2847, respectively. The values of r and d-index were slight lower than observed by Singels and Bezuidenhout (2002) and by Singels et al. (2008) , with a tendency to underestimate sucrose content mainly very late in the crop cycle for both cultivars (Fig. 7b) . Results presented by Singels et al. (2008) for experiments in South Africa showed the same shape as observed here, overestimating sucrose content under conditions of low sucrose concentration, and the opposite as the sucrose content increased.
Part of these sucrose results might be attributed to the sucrose measurements only during the late season, which reduced the range of variation of values analyzed (Fig. 7b) . In general, modeling sucrose accumulation remains a challenge, due a weak understanding of this at the whole-plant level (Inman-Bamber et al., 2009) .
The RMSEP obtained for aboveground biomass, ranging from 9.9 to 8.5 t ha −1 , may also be regarded as satisfactory, with the highest model efficiency coefficients (over 0.8) among the variables analyzed (Tables 9 and 10 ). The RMSEP values for aboveground biomass were also higher than those observed by Singels et al. (2008) .
The very low agreement obtained for the number of green leaves (Tables 9 and 10 ) may be mostly due the characteristic of measured data rather than a weakness of model algorithms.
Those observations were concentrated in the middle of the crop cycle, and hence had a low range of variation. As modeling efficiency represents how much better the model is compared to the average of observed values, the negative modeling efficiency values for leaf number are due mainly to the stable measurements of green leaf number This is, in turn, a consequence of the concentration of measurements during a short period of time, compared to the full-season range of simulated values.
Laclau and Laclau (2009) The root front velocity simulated was much higher than the observed one, as deeper roots reached the 4.5 m depth at about 50 DAP, which means a root front velocity of about 6.5 cm d −1 . For the rainfed treatment, the observed root length density was 0.265 cm cm −3 in the 0.6 to 1.0 m layer, while the irrigated treatment had as low as 0.059 cm cm −3 in the same layer during the same period (Laclau and Laclau, 2009 ). The maximum root densities found by Laclau and Laclau (2009) were 0.450 and 0.457 cm cm −3 at 322 DAP in the first 20-cm layer for rainfed and irrigated crops, respectively. Van Antwerpen (1998) and Smith et al. (2005) reported maximum root length densities of between 0.5 and 2.7 cm cm −3 for several South African cultivars ranging in age from 87 to 238 d after planting. In Australia, Reghenzani (1993) found maximum length densities of 1.3 cm cm −3 , and (Ball-Coelho et al., 1992) found roots fully extended into the interrow 4 mo after planting, with maximum length densities as high as 5.3 cm cm −3 in northeastern Brazil. The large differences observed in these studies may be partially due the inherent difficulties to measure the root length density. The simulations underestimated root length density (Fig. 7e , Table 9 ). The simulated root dry mass values were always higher than observed throughout the crop cycle, despite the high partitioning coefficient (parameter APFMX) which drives synthesized biomass to aboveground parts. The negative bias shown by simulated root length density (Table 9 ) may be also a consequence of the low specific root length used in the DSSAT/CANEGRO species file, as mentioned above.
conclUSionS The DSSAT/CANEGRO model, using the described parameterization, simulated the sugarcane crop in southern Brazil well. The cross-validation technique permits the use of diverse datasets that would be difficult to use separately because of the heterogeneity of measurements and measurement strategies. In contrast, this technique allowed the richness of this variability to contribute to parameterization. This provides the opportunity to use large amounts of existing data, which is typically under-used in modeling studies, and allows faster progress in countries like Brazil, where the crop has been studied with other objectives.
The simulation errors were comparable with those found in other models, and reported in the literature. Limitations include the tiller algorithm that was based on an assumed fixed response to temperature, and the root algorithm that did not give realistic values of root front velocity, root dry mass, and root length density. The model predictions were best for stalk and aboveground mass. Sucrose accumulation prediction was less accurate. Leaf area index was realistically simulated. DSSAT/CANEGRO reasonably simulated sugarcane growth and development in the Brazilian conditions.
AcKnoWledGMentS
We are grateful to Professor Dr. Francisco Maximino Fernandes and to Dra. Patricia Battie Laclau, who kindly allowed the use of data from Dataset 2 and for root data from Dataset 1, respectively. We also thank Dr. Abraham Singels for his suggestions for improving the paper. This research was partially supported by Brazilian Council for Scientific and Technological Development (CNPq) through the projects 478744/2008-0 and 0303417/2009-9.
